Background and Aims: Elevated intestinal permeability of lipopolysaccharide (LPS) is a major complication for patients with parenteral nutrition (PN), but the pathogenesis is poorly understood. Intestinal P-glycoprotein (P-gp) is one of the efflux transporters that contribute to restricting the permeability of lipopolysaccharide via transcellular route. P-gp expression may be regulated by PN ingredients, and thus this study sought to investigate the effect of PN on the expression of P-gp and to elucidate the underlying mechanism in vitro. Methods: Caco-2 cells were treated with PN ingredients. Changes in P-gp expression and function were determined and the role of ERK-FOXO 3a pathway was studied. Transport studies of FITC-lipopolysaccharide (FITC-LPS) across Caco-2 cell monolayers were also performed. Results: Among PN ingredients, soybean oil-based lipid emulsion (SOLE) exhibited significant inhibitory effect on P-gp expression and function. This regulation was mediated via activation of ERK pathway with subsequent nuclear exclusion of FOXO 3a. Importantly, P-gp participated in antagonizing the permeation of FITC-LPS (apical to basolateral) across Caco-2 cell monolayers. SOLE significantly increased the permeability of FITC-LPS (apical to basolateral), which was associated with impaired P-gp function. Conclusions: The expression and function of intestinal P-gp is suppressed by SOLE in vitro.
Introduction
Total parenteral nutrition (TPN) is vital for the nutritional support of patients with loss of anatomical or functional integrity of the gastrointestinal tract. However, it also leads to
Cell treatment
Caco-2 cells were respectively exposed to 1% PN (vol/vol dissolved in culture medium), 0.4% glucose, 0.3% amino acids, 0.2% SOLE, 1% PN without glucose, 1% PN without amino acids, and 1% PN without SOLE to screen out the effective ingredient that may elicit the regulatory effect on P-gp. Regarding these ingredients one aspect requires comment. According to Table 1 , glucose, SOLE and amino acids account for 40%, 20% and 30% of whole solution, respectively. Therefore, if 1% PN was used, the corresponding doses of glucose, SOLE and amino acid should be 0.4%, 0.2% and 0.3%, respectively. As SOLE was approved effective on P-gp regulation, cells were exposed to various concentrations of SOLE (0.05%, 0.1%, and 0.2% vol/vol dissolved in culture medium) for 24-48 hours to further investigate its effect on P-gp expression and function in vitro. When specific inhibitors were used, ERK inhibitor PD98059 (25 μM) was added to the medium 1 h prior to the treatment with SOLE. As the stock solution of inhibitors was dissolved in DMSO, an equal volume of DMSO (final concentration < 0.1%) was added to the control cells.
Intracellular rhodamine 123 accumulation assay and transport studies P-gp function was evaluated by measuring intracellular accumulation of rhodamine 123 (a specific substrate for P-gp) as described previously [12] . Briefly, cells were incubated with 10 μM rhodamine 123 in culture medium in the dark at 37°C for 60 minutes. After incubation, cells were washed five times with ice-cold PBS and then lysed with 1% Triton X-100. The amount of rhodamine 123 was determined using a fluorescence spectrophotometer (SpectraMax, CA, USA) with an excitation wavelength of 488 nm and emission wavelength of 530 nm, and normalized to protein content. For transport studies, cells were exposed to SOLE (0.2% vol/vol added to basolateral medium). The integrity of monolayers was checked by TEER as described above. Rhodamine 123 (5 μM) was added into either the basolateral side for the basolateral to apical (BL>AP) transport study or apical side for the apical to basolateral (AP>BL) transport study. At designated times, 50 μl aliquots were sampled, with replacement, every 30 min from the receiver chamber. Verapamill (100 μM) was used for specific inhibition of P-gp function.
Calculations
The apparent permeability coefficients (Papp coefficients) were calculated for the directional flux studies according to the following equation:
where the dQ/dt (μmol/min) is the drug permeation rate, A is the cross sectional area (1.1 cm 2 ), and C 0 (μM) is the initial concentration in the donor compartment at t = 0 min. The net efflux (Papp ratio) is expressed as the quotient of Papp (BL>AP) to Papp (AP>BL)
Intracellular FITC-LPS accumulation studies and transport studies
Transport studies for FITC-LPS were performed as described previously [13] . Briefly, FITC-LPS (50 μg/ml) was added into the apical chamber for apical to basolateral (AP>BL) transport study. At designated times, 50 μl aliquots were sampled, with replacement, every 30 min from basolateral chamber. After the experiments, monolayers were rinsed five times with ice-cold PBS and lysed with 1% Triton X-100. The amount of FITC-LPS was determined using a fluorescence spectrophotometer and normalized to protein content. Verapamill (100 μM) was used for specific inhibition of P-gp function.
mRNA stability assay Caco-2 cells were treated with Actinomycin D (Act D, at 5 μg/ml) for the indicated periods as described previously [14] . The amount of mRNA at 0 h time point was set as 100% and thereafter, the percentage of normalized P-gp mRNA levels versus time was plotted to calculate the half-life of P-gp transcripts.
Quantitative real-time PCR Total RNA was extracted from Caco-2 cells using Trizol (life technology, USA), and cDNA was synthesized with an RNA isolation plus kit (Takara Shuzo, Japan) according to the manufacturer's protocol. The amplification program consisted of activation at 95 °C for 5 min, followed by 35 amplification cycles, each consisting of 95 °C for 15 s then 60 °C for 1 min. The primers used are shown in Table 2 . Data was analyzed using PIKO96 software (Thermo, Germany).
Western blot analysis
Cells were collected and washed twice with PBS. For total protein extraction, the harvested cells were lysed on ice for 30 min in 100 μl of RIPA buffer and centrifuged at 12000 g for 10 min. The supernatants were collected, and protein concentrations were determined using a BCA protein assay kit (Thermo, USA). Aliquots of the lysates (30 μg of protein) were loaded. Immunodetection was performed with enhanced chemiluminescence detection system (GE Healthcare, USA).
Preparation of nuclear and cytoplasmic extracts
Nuclear and cytolasmic extracts were prepared with a commercial kit according to the manufacturer's instructions (Thermo, USA). Protease inhibitor cocktail (Thermo, USA) and phosphatase inhibitor cocktail (Thermo, USA) were added to each buffer just prior to use. Lamin B and GAPDH served as loading control for nuclear fractions and cytoplasmic fractions, respectively.
Immunofluorescence staining
Cells were fixed in 4% formaldehyde at room temperature for 15 min, and permeabilized with 0.2% Triton-X100 in PBS for 15 min. Cell monolayers were blocked in 5% BSA and incubated with antibodies against ZO-1, P-gp, and p-FOXO 3a at 4℃ overnight, followed by incubation with Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary antibodies for 1 h at room temperature. Images were visualized using Leica DMI6000B fluorescence microscopy with LAS AF LITE image processing software (Leica, Germany).
Statistical analysis
Data in the Figures and text are expressed as means ± standard deviation (S.D.) of at least three experiments each performed in triplicate. Statistical analysis employed Student's t test for comparison of two means, and a one-way ANOVA for comparison of multiple groups. A significant difference between means was considered to be present when P < 0.05.
Results

Effects of PN solution and its main ingredients on the expression and function of P-gp
As shown in Fig. 1 control, p<0.05) in cells treated with PN solution. Among these main ingredients, only 0.2% SOLE elicited this regulatory effect on P-gp expression and function while no significant differences were observed upon treatment with glucose or amino acids.
SOLE down-regulates the expression of P-gp in a dose-and time-dependent manner
As shown in Fig. 2A , mRNA expression of P-gp was decreased on SOLE treatment in a dose-dependent manner. Compared with control, it was significantly decreased to 87.9%, 68.4% (p<0.05) and 52.7% (p<0.05) after treated with SOLE at 0.05, 0.1 and 0.2%, respectively ( Fig. 2A-a) . Western blot analysis further substantially mirrored the results of real-time PCR ( Fig. 2A-b ). Since treatment with 0.2% SOLE elicited the most significant impact on P-gp expression, this concentration was further used in the time course study. As can be seen, P-gp expression was decreased on SOLE treatment in a time-dependent manner on both mRNA levels (Fig 2B-a) and protein levels ( Fig. 2B-b) . Consistently, compared with control (0.62 nmol/mg protein), intracellular accumulation of rhodamine 123was significantly increased to 0.67, 0.81, and 0.95 nmol/mg protein after treated with SOLE at 0.05, 0.1 and 0.2%, respectively (Fig. 2C) . Taken together, these results suggested that SOLE down-regulated the expression of P-gp in a dose-and time-dependent manner
SOLE increases the permeability of rhodamine 123 across Caco-2 cell monolayers
The time course of rhodamine 123 transport was examined after addition of 5 μM rhodamine 123 to either apical compartment or basolateral compartment of the Caco-2 monolayers. As can be seen, transport in the efflux direction (BL>AP) over the period of 2 h was significantly decreased by SOLE treatment (Fig. 3a) . Specifically, the cumulative amount of Rhodamine 123 transport in the efflux direction was 145±15, 85±20 and 51±9 pmol/monolayer for control cells, cells treated with SOLE and cells treated with verapamil, respectively. Transport in the uptake direction (AP>BL) over the period of 2 h was significantly increased by SOLE treatment (Fig. 3b) . Specifically, the cumulative amount of Rhodamine 123 transport in the uptake direction was 25±5, 47±4 and 35±8 pmol/monolayer for control cells, cells treated with SOLE and cells treated with verapamil, respectively. The Papp values were calculated and listed in Table 3 . As indicated, Papp in the BL>AP direction was decreased Forty eight hours post treatment, mRNA expression of P-gp was determined by real-time PCR. Among PN ingredients, only SOLE significantly down-regulated P-gp expression. Data were normalized to GAPDH mRNA levels, and values are shown as the means±SD of data from triplicate experiments. *, p<0.05 compared with control. (B) Effects of the PN ingredients on the function of p-gp. Forty eight hours post treatment, cells were incubated with rhodamine 123 (10 μM) for 1 hour. After incubation, intracellular concentrations of rhodamine 123 were determined and normalized to protein content. Consistent with P-gp expression, P-gp function was significantly suppressed by SOLE treatment. Values are shown as the means±SD of data from triplicate experiments. *, p<0.05 compared with control. Note that doses of each main ingredient were referenced to Table 1 as described in material and methods.
by 44% and increased by 73% in the AP>BL direction, leading to 67% reduction in the net efflux ratio on SOLE treatment. Taken together, these results suggested that intestinal P-gp function was markedly impaired by SOLE treatment in vitro.
Down-regulation of P-gp does not involve mRNA degradation
As indicated in Fig. 2 , down-regulation of P-gp by SOLE was already evident on mRNA levels. As reduced mRNA abundance could be resulted from either a decrease in mRNA transcription or an increase in mRNA decay, to test this, mRNA stability assay was performed. As shown in Fig. 4 , the half-life of P-gp in control cells and that in SOLE-treated cells was 12.8 h and 12.5 h, respectively. No significant differences in mRNA stability were observed between two groups, suggesting that mRNA degradation was not involved in the downregulation of P-gp by SOLE treatment.
SOLE down-regulates P-gp expression via ERK pathway
In an attempt to further understand the mechanisms, we investigated whether ERK pathway contributed to the regulation of P-gp by SOLE treatment. First of all, the activation of ERK pathway in response to SOLE was confirmed. As shown, though no changes of total amount of ERK were observed within the period of time (0, 5, 15, 60, and 120 Fig. 3 . SOLE suppressed the efflux function of P-gp in Caco-2 monolayers. Caco-2 cells were exposed to SOLE (0.2%, added to the basolateral medium) for 48 hours. Rhodamine 123 (5 μM) was either added to the basolateral side for BL>AP transport study (a) or apical side for AP>BL transport study (b). The amounts of rhodamine Fig. 4 . Stability of p-gp mRNA was not affected by SOLE treatment. Caco-2 cells were exposed to 0.2% SOLE for 24 hours, and then further treated with the RNA polymerase inhibitor actinomycin D for the indicated periods. Total RNAs were prepared, and P-gp mRNA level was analyzed by real-time PCR. The results showed that the half-life of P-gp mRNA was not affected by SOLE treatment.
123 in the receiver compartment were determined at 30, 60, 90, 120 min after incubation. Each point represents the means±SD (n=3 for each group). *, p<0.05 compared with control. Verapamil served as positive control. The results showed that the transport of rhodamine 123 was significantly decreased in the BL>AP direction (a) but increased in the AP>BL direction (b) in cells treated with SOLE. 
Published by S. Karger AG, Basel www.karger.com/cpb min), phosphorylated levels of ERK (p-ERK) were evident already at 5-15 min after SOLE stimulation and decreased until 60 min (Fig. 5A ). When specific inhibitor for ERK pathway PD98059 was used (Fig. 5B) , SOLE-induced decline in P-gp expression was partly attenuated on protein levels (Fig. 5C ). Consistently, P-gp function as well as its mRNA expression was partly attenuated by blocking of ERK pathway (Table 4) . Taken together, these results suggested that ERK pathway may play a pivotal role in mediating the regulation of intestinal P-gp by SOLE treatment in vitro.
SOLE activates ERK pathway and induces the nuclear exclusion of FOXO 3a
As one of the downstream molecules of ERK pathway, FOXO 3a was examined because: 1) it functions as an enhancer of P-gp transcription [15] ; 2) once phosphorlyated by ERK, it could translocate from nucleus to cytoplasm and lose its transcriptional activity [16] . Thus, we hypothesized that SOLE may induce activation of ERK pathway, leading to the nuclear exclusion of FOXO 3a and the consequent reduction in P-gp transcription. As shown in Fig.   Fig. 6 . SOLE induced nuclear exclusion of FOXO 3a via ERK pathway. (A) SOLE induced nuclear exclusion of FOXO 3a. Caco-2 cells were incubated with SOLE for the indicated periods. Cells were then harvested and the total amount of protein as well as the nuclear and cytoplasmic fractions were collected and analyzed by western blot with the indicated antibodies. As indicated, SOLE activated ERK pathway without changing the subsequent phosphorylation levels and total amount of FOXO 3a. However, p-FOXO 3a levels were reduced in the nucleus but increased in the cytoplasm with SOLE treatment, suggesting that p-FOXO 3a was translocated from the nucleus to the cytoplasm (a). Analyzed by band intensity, the results showed that subcellular distribution of p-FOXO 3a (nuclear/cytoplasmic fraction) was significantly changed within the indicated period of time (b). (B) Blocking of ERK pathway with specific inhibitor reversed the nuclear exclusion of FOXO 3a. Specific inhibitor PD98059 (25 μM) was added to the medium 1 h prior to the addition of SOLE to block the activation of ERK pathway. Cells were harvested after incubation with SOLE for the indicated periods and the total amount of protein as well as the nuclear and cytoplasmic fractions were collected. As shown, compared to SOLE alone, cytoplasmic p-FOXO 3a was significantly decreased while nuclear p-FOXO 3a was increased in SOLE with PD98059. (C) Representative immunofluoresence staining for p-FOXO3a. Note a predominant nuclear localization of p-FOXO 3a (green) in control cells and a predominant cytoplasmic localization of p-FOXO 3a in the cells treated with SOLE, as indicated by the white arrows. Blocking of ERK pathway with PD98059 relieved the SOLE-induced cytoplasmic localization of p-FOXO 3a.Scale bar=25 μm. Three experiments were performed that showed similar results. (D) Schematic representation showing that SOLE activates ERK pathway, leading to the nuclear exclusion of FOXO 3a and subsequent down-regulation of P-gp transcription. 6A, neither the phosphorylation level nor the total amount of FOXO 3a was changed with the activation of ERK pathway in the whole cell lysate. However, phosphorylated levels of FOXO 3a (p-FOXO 3a) were reduced in the nucleus but increased in the cytoplasm with SOLE treatment over the period of time, suggesting that p-FOXO 3a translocated from the nucleus to the cytoplasm in response to SOLE treament. By measuring band intensity, the results revealed that subcellular distribution (nuclear/cytoplamic) of p-FOXO 3a shifted from 2:1 to 1:2 upon SOLE treatment. Importantly, blocking of ERK pathway abolished the SOLEinduced redistribution of p-FOXO 3a, though p-FOXO 3a and FOXO 3a in whole cell lysate were still unchanged (Fig. 6B) Representative images indicating the translocation of p-FOXO 3a are shown in Fig. 6C and a schematic representation is shown in Fig. 6D . These results suggested that SOLE induced nuclear exclusion of p-FOXO 3a, which was dependent on the activation of ERK pathway.
FITC-LPS permeability is increased in Caco-2 cell monolayers with impaired function of P-gp
Given that intestinal P-gp is responsible for antagonizing the permeation of harmful substances from the gut, we hypothesized that SOLE treatment may facilitate the transport of LPS through impaired efflux function of P-gp. First of all, we confirmed the effect of P-gp function on the permeability of LPS by using Caco-2 cell monolayers. As shown in Fig. 7A , the linear incline of FITC-LPS transport in the uptake direction (AP>BL) over the period of 2h was significantly increased when P-gp inhibitor verapamil was used. Consistently, intracellular accumulation of FITC-LPS was increased by approximately 42% in verapamiltreated cells (Fig. 7B) . TEER remained unchanged (Fig. 7C) . These results demonstrated that P-gp contributed to antagonizing the permeation of LPS in vitro.
SOLE increases FITC-LPS permeability across Caco-2 cell monolayers through the impaired P-gp function
As indicated, transport of FITC-LPS in the uptake direction (AP>BL) over the period of 2 h was significantly increased in cells treated with SOLE (Fig. 8A) , while TEER was unchanged ( Fig. 8B ) Notably, the cumulative amount of FITC-LPS transport over the period of 2 h was approximately increased by 23% across the cells treated with SOLE, however, co-incubation with verapamil abolished this difference between control and SOLE-treated cells (Fig. 8C) . Immunofluorscence staining further demonstrated that SOLE-treated cell monolayers exhibited significantly lower immunofluorescence intensity for P-gp (green) than did the control monolayers. However, no obvious differences in the ZO-1 expression (red) were observed between the two groups (Fig. 8D) , suggesting tight junction was unchanged on SOLE treatment. Taken together, these results clearly suggested that SOLE-induced increase in FITC-LPS permeability was mainly resulted from inhibition on P-gp function, other than changes in barrier function. Fig. 8 . SOLE increased FITC-LPS permeability through the impaired function of P-gp in vitro. (A) FITC-LPS permeability was significantly increased in the cells treated with SOLE. FITC-LPS (50 μg/ml) was added to apical side and the amounts of FITC-LPS in the receiver compartment were determined at 30, 60, 90, 120 min after incubation. Each point represents the means±SD (n=3 for each group). *, p<0.05 compared to control. (B) Integrity of monolayers was unchanged SOLE treatment. Cell integrity was evaluated by TEER following the 120 min-transport and no significant differences were observed. (C) Co-incubation with verapamil abolished the effect of SOLE on FITC-LPS transport. FITC-LPS (50 μg/ml) was added to apical side in the presence or absence of verapamil (100 μM). The amounts of FITC-LPS in the receiver compartment were determined at 30, 60, 90, 120 min after incubation. Each point represents the means±SD (n=3 for each group). *, p<0.05 compared to control. (D) Representative images showing ZO-1 and P-gp in cells exposed to SOLE for 48 hours. Note that treatment with SOLE resulted in an apparent loss of P-gp (green), while no significant changes in ZO-1 (red) were observed. Scale bar=75 μm. Three experiments were performed that showed similar results.
Discussion
This study was designed to examine the effect of SOLE on the intestinal expression of P-gp, and its potential significance accounting for elevated permeability of LPS under TPN support. For those patients with deprivation of enteral nutrtion, TPN is the only approach of nutrition support that provides nutrients and calories intravenously. According to the United States Healthcare Cost and Utilization Project, greater than 352,000 patients received TPN in the United States in 2010 [6] . However, despite its advantages, TPN is associated with significant septic complications due in part to a loss of intestinal barrier function. While the underlying mechanisms have not been fully elucidated, a mouse model of TPN has helped identify several contributing factors. 1) Changes in the gut microbiome: a shift in intestinal microbiota from Gram-positive Firmicutes to predominantly Gram-negative Proteobacteria, which is associated with an increase in expression of proinflammatory cytokines within the mucosa, including interferon-γ and tumor necrosis factor-α [17, 18] . 2) A concomitant loss of epithelial growth with decreased epithelial cell proliferation and increased apoptosis that in turn causes villus atrophy [19, 20] .
3) The resulting disruption of the barrier function leads to increased intestinal permeability and bacterial translocation [21, 22] . The intestinal barrier that prevents the permeation of LPS via paracellular route consists of tight junctions and adherens junctions, including occludin, claudin, tricellulin, ZO-1 and E-cadherin [23] . In TPN mice, most of these junctional proteins have been found to have a significant reduction in abundance compared to enterally fed mice [24] . However, in fact, paracellular route is not the only approach for gut microorganisms or their products to cross intestinal barrier. Mediated by membrane receptors or transporters, they may cross intestinal barrier via transcellular route as well. Thus, it can be said that if intestinal barrier-based defense system is a passive, static and structural one, then membrane transporters-based defense system would be an active, dynamic and functional one.
Given its efflux pump activity and apical localization, intestinal P-gp is considered as a natural defense mechanism that antagonizes the permeation of harmful substances from the gut via transcellular route. By using Caco-2 cells and mdr1a -/-mice, Neudeck et al demonstrated that P-gp is involved in host defense against L. monocytogenes, suggesting that reduced P-gp on the apical surface of the enterocyte may constitute a "functional defect" in the intestinal barrier, rendering the host susceptible to bacteria [25] . Additionally, Hayashi et al showed that colonic epithelial cells have the specific transcellular transport systems for LPS, and LPS taken up into the cells can be excreted by P-gp [26] . By studying the crystal structures of mouse mdr1a, Zahida Parveen demonstrated that P-gp shares the overall architecture with two homodimeric bacterial exporters, Sav1866 and MsbA [27] , providing structural evidence of a physiological role of P-gp in maintaining gut health. These results solidly indicated the protective role of intestinal P-gp in preventing luminal microorganisms and toxins from entering the systemic circulation. In fact, intestinal P-gp is related to intestinal epithelial injury under a variety of physiological and pathological conditions [28] [29] [30] .Therefore, whether intestinal P-gp is altered by TPN and what is the clinical significance beyond this alteration raised our great interest.
In this study, we found that SOLE, as one of the main ingredients in PN formula, directly induced down-regulation of P-gp expression and in turn facilitated the permeation of LPS via transcellular route in vitro. In Fig. 1 , PN at 1% concentration was initially used because this concentration of PN solution elicited significant inhibitory effect on P-gp function, without any detectable cytotoxicity (determined by CCK-8, data not shown) in preliminary experiment. The mechanisms underlying P-gp regulation involve at least at two signaling pathways, ERK and PI3K/Akt [31] [32] [33] . In the preliminary study, both were examined by using specific inhibitors. The results showed that inhibition of ERK significantly attenuated the regulation on P-gp after SOLE treatment, while inhibition of PI3K/Akt slightly attenuated this impact (data not shown). Considering that nuclear factor kappa B (NF-KB) is involved in P-gp regulation and serves as a common downstream target of both ERK and PI3K/Akt pathway [34] [35] [36] , we initially investigated the role of NF-KB in the SOLE-induced regulation on P-gp. However, none of total amount of NF-KB, phosphorylation level of NF-KB, or subcellular distribution of NF-KB was changed following SOLE treatment (data not shown). Therefore, NF-KB does not appear to be involved in this system. Instead, we examined FOXO 3a, a member of FOXO subfamily belonging to forkhead family, which has been recently identified as a transcriptional enhancer of P-gp [15] . In this study, though total amount as well as phosphorylation level of FOXO 3a remained stable, subcellular distribution of p-FOXO 3a was significantly altered by SOLE treatment (Fig. 6) . Notably, this SOLE-induced nuclear exclusion of FOXO 3a could be abolished by inactivation of ERK. Taken together, we propose that SOLE activates ERK pathway, which in turn phosphorylates FOXO 3a. As a result, phosphorylated FOXO 3a translocates from nucleus to cytoplasm and loses its transcriptional activity on P-gp, leading to down-regulation of P-gp and consequent increase in permeability of LPS. However, these in vitro results have not been confirmed in vivo, so it will be of great importance to carry this out in future investigations. In summary, we demonstrated that SOLE increases intestinal permeability of LPS in vitro by down-regulation of P-gp via ERK-FOXO 3a pathway. Our findings provided direct evidence that mechanisms underlying elevated permeability of LPS under TPN support are not limited to intestinal barrier function. Impaired efflux function of P-gp that facilitates the permeability of LPS via transcellular route may be another reason. Yan 
